The individual elemental composition of insoluble airborne particulates found in King George Island (KGI), Antarctic Peninsula (atmosphere, snow, firn and ice deposits) and in the atmosphere of Chilean Patagonia by SEM-EDS analysis identify probable sources and transport mechanisms for the atmospheric aerosols observed in these regions. Insoluble airborne particulates found in the snow, firn and ice in a core from Lange Glacier (KGI) call for significant crustal influence, mainly associated with aluminium potassium, aluminium calcium and magnesium iron silicates together with other aluminium silicates of calcium and magnesium, among rare others containing Ti, Ni and Cr. Our study suggests that 95% of the bulk mode insoluble particulates deposited in Lange Glacier can be explained by atmospheric transport from Chilean Patagonia. Cyclonic systems passing between southernmost South America and the Antarctic Peninsula are the most probable atmospheric transport mechanism, tracked by measurements of 222 Rn and Si.
Introduction
It is known that cyclones play an import role in the advective transport of atmospheric trace constituents, as well as heat, from the lower latitudes of South America to the northern limit of West Antarctica (Pereira, 1990; Evangelista, 1998) . However, a better understanding of air-snow exchange and the deposition of particulate matter in ice and over ice-free areas, the probable origin of particles and association with mesoscale atmospheric circulation patterns is still required. Pereira (1990) , who has employed the terrigenous natural radioisotope 222 Rn as an atmospheric tracer in the Antarctic Peninsula for more than a decade, found a strong correlation among meteorological parameters (air temperature, atmospheric pressure and wind velocity), cyclone frequency and radon activity concentration in near-surface air. Moreover, Evangelista (1998) pointed out that the atmospheric transport efficiency during cy-clone migration along the West Antarctica region is closely related to the trajectory and extension of the cyclonic system. Cyclone extension has to be large enough to produce a direct influence of the South American continent over the Antarctic Peninsula. Most cyclones that migrate between 50
• S and 60
• S have little influence over 222 Rn transport despite the fact that they control the surface wind velocity at King George Island (KGI). By contrast, most cyclones that migrate above 60
• S travel through the southern tip of South America (Tierra del Fuego) and vanish in the South Atlantic Ocean or Weddell Sea, exerting an important influence over atmospheric transport to KGI. Figure 1 shows an event in which a cyclone branch moves polewards from South America to the Antarctic Peninsula yielding an increase in 222 Rn over KGI. The successful use of 222 Rn to describe the apportionment of air masses to the Antarctic is possible owing to its half-life (3.82 days), which is comparable to most tropospheric transport scales, to the development of highresolution, low-background real-time radon measurement techniques, to synoptic-scale air mass trajectory analysis (Chiminello et al. 2000) and to the development of validated numerical models (Jacob et al. 1997) . During the last decades, 222 Rn has been widely used in the Antarctic and sub-Antarctic regions as an atmospheric tracer of land continental air masses (Lambert et al. 1970; Schumann, 1972; Polian et al. 1986; Balkanski and Jacob, 1990) . The reported radon production by the ocean surface, and the low emanation power of the ice-free areas in the South Shetlands/Antarctic Peninsula during austral summers, rule out these areas as important sources of radon (Evangelista and Pereira, 2002) . Atmospheric 222 Rn concentration activity increases simultaneously with the migration of the cyclone warm sector over KGI, demonstrating the impact of South American ice-free continental regions on the advective transport of air masses to Antarctica. However, our findings do not specify which part of the land is associated with this mechanism. Moreover, 222 Rn results cannot be extrapolated to atmospheric aerosols owing to the distinct behaviour of these two atmospheric trace components. Correia (1998) presented a detailed study on seasonal variation of the elemental composition (coarse and fine modes) of aerosols in KGI employing particle-induced X-ray emission (PIXE) and multivariate statistics. This analysis grouped chemical elements having a probable common source (crustal, marine, anthropogenic or biogenic). Basile et al. (1997) particles in the Central Antarctic Plateau (Vostok and "Dome C"), and with surface soil and sediments of all continents surrounding Antarctica. They concluded that the Patagonian region (South America) was the most probable source of aerosols in East Antarctica. Iriondo (2000) proposed a climatic scenario to explain this process. In contrast to the previous work, the present study investigates the similarities between the elemental composition of insoluble deposited particles found in an ice core from KGI and the airborne particles found in Chilean Patagonia and in the sea-level atmosphere of KGI. In addition, a simultaneous sampling of aerosols and 222 Rn was performed, together with satellite image acquisition, because of our better understanding of atmospheric transport from South America to the Antarctic Peninsula. 
Site description

Elemental composition and mathematical analysis
For each filter containing particles from air samplings or deposited insoluble particles in an ice-core section, a slice of onequarter of the effective sampling area was removed for the microanalysis method by scanning electron microscopy (model DSM960 Zeiss); microanalysis was made with an energy dispersive spectrometer (SEM-EDS) (Oxford Instruments SiLi-Be window). Spectrum resolution was 180 eV for a 20 kV beam energy. The resolution of the technique allows probing of elemental compositions in particle-equivalent diameters as low as 2 µm. Elemental composition was limited to Z > 10, and data acquisition was automatically interrupted when total counts for the most abundant element reached 1000 or 2000 counts (40 to 120 s). We have analysed a total of 180 predominantly insoluble airborne particles (58 for KGI, 43 for the Lange glacier and 80 for Chilean Patagonia). This technique required only very small numbers of collected particles, which made it useful for investigating short-term atmospheric transport events. This same technique was also applied to deep ice-core samples aiming at the characterization of aeolian continental dust trapped in the ice cap of the Antarctic Plateau (Brian et al. 1982; Petit et al. 1983 ).
In our work, microphotographs and corresponding individual elemental compositions were obtained for predominant species of insoluble particles from the Lange ice core and airborne particles from KGI and Chilean Patagonia. Figure 2 shows the morphologies and elemental abundance of typical particles found at these three sites. They show evidence of Na and Cl enrichment for KGI; in samples from Chilean Patagonia the enrichment is for Si, Ca, Al, Fe, Ti and K; and in the Lange ice core enrichment is for Si. The insoluble particle database was obtained in the following way: after a complete optical scanning of the filter we selected the predominant particle structures considering the particle equivalent diameter and morphology. The period of air sampling at KGI was from December 1996 to November 1997. Identification of the particle types followed the definition α, where = 1, . . . , 12 identifies the sequence of months and α = a, . . . , g specifies the predominant morphological structure. The same definition is valid for Chilean Patagonia with a sampling period from January 2000 to December 2000 with = 1, . . . , 12 and α = a, . . . , m because a larger variety of particles was detected. For the Lange Glacier, identification of predominant insoluble particles, ( α), was defined based on ice stratification. Therefore = A, B, . . . , H and α = 1, . . . , 11. For each species α we performed elemental composition for C, O, F, Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Ba, Cr, Mn, Fe, Ni and Zn and obtained their abundances. In a subsequent step we applied cluster analysis employing the "Single linkage" as the amalgamation (linkage) rule and the Euclidian distance. The goal was to group particle types according to their similarities in terms of elemental composition and abundance to investigate two main points: first, whether a group of particles occurs at an specific ice layer or in a specific period of the year, and second, to infer their most probable origin (crustal, marine or anthropogenic). Finally, taking the average composition of each element, a Pearson correlation was applied for the three sites.
Correlation parameters
We employed simultaneous monitoring of 222 Rn and aerosol samplings aiming at better identification of air masses and sources of trace elements. Radon was used to tag air masses according to the predominantly continental origin ( 222 Rn enriched) or marine origin ( 222 Rn depleted). We employed a low-noise electrostatic precipitation chamber (Pereira and Evangelista, 1989) Tellus 56B (2004), 3
Fig 2.
Morphology and corresponding spectrum of individual elemental composition for predominant insoluble particles in King George Island (1a and 1b), Chilean Patagonia (2a and 2b) and the Lange Glacier (3a and 3b). The "a" in the photographs indicates the electron target location.
to collect short-lived radon decay products and used real-time alpha spectrometry to measure the 218 Po and 214 Po to obtain the equivalent 222 Rn concentration activity in the air. Data acquisition took place every 2 h during continuous air sampling.
Daily acquisition of NOAA satellite images and synoptic charts during the sampling period was carried out to provide ancillary information on the atmospheric events favourable to aerosol transport.
Results and discussions
King George Island
Cluster analysis applied to data from KGI, identified five clusters as shown in Table 1 . Clusters 1 and 2 represent particles of predominantly marine origin. The first cluster, with predominance of S, O and Ca (in this sequence), occurs systematically during the whole year. The second cluster is probably of marine/crustal origin as Cl, O, Al and Fe predominate. Cluster 3 corresponds to particles formed basically of quartz (Si and O); they occur mainly during the snow and ice melting season in KGI when rock outcrops and bare soils are abundant along the shoreline, although this can also occur to a lesser extent during winter. Cluster 4 represents particles of probable anthropogenic/biogenic source, with a strong predominance of carbon, usually associated with Al and Cl. Aerosol type identification presented in Table 1 for cluster 4 indicates that it mostly occurs during the summer season (from November to February)-a similar behaviour is shown by black carbon aerosols in the Antarctic continent (Wolff and Cachier, 1998) . This behaviour can be explained by the synoptic transport of air masses in the region (Murphey and Hogan, 1992) as well as by human activities at scientific stations in KGI (Evangelista, 1998) In addition, our data do not point unequivocally to a long-range atmospheric transport process. A more detailed study establishing a fingerprint of local aerosol production and long-range transport is still required. Cluster 5 represents the ocean influence of marine salt (Cl and Na), systematically observed over the whole year. Table 2 shows the results for Chilean Patagonia. Five distinct groups of particles were also found. Cluster analysis revealed a high predominance of particles of marine and crustal origin occurring systematically throughout the year. Cluster 1 represents aerosols with Cl, Si, S, Na and Ca enrichment, having mixed marine and marine/crustal origins. This cluster reveals two predominant sources for the aerosol in the Chilean Patagonia: soil dust resuspended by strong winds in this region, and polar-Pacific air masses whose trajectories pass through meridional Patagonia. Clusters 2, 4 and 5 also represent aerosols of crustal origin with predominance of Si, Al, C, and K (in that sequence). Cluster 3 shows a predominance of Fe and Si, and cluster 4 is characterized by aerosols enriched in Ca and in association with Si and Fe. Cluster 5 is basically composed of SiO 2 particles.
Chilean Patagonia (city of Punta Arenas)
Ice core from the Lange Glacier (King George Island)
SEM-EDS microanalysis showed a large variability of insoluble particles in terms of morphology and elemental composition in strata from the Lange ice core. The cluster analysis was applied to ice-core data to investigate whether any specific group of deposited particles occurs preferentially at a certain depth interval or if occurrence was homogenous along the successive layers. This would provide important key information about changes in atmospheric transport and depositional regimes associated with global-scale events or on a regional scale. Table 3 presents the identification by type and the corresponding elemental composition.
Cluster analysis for insoluble particles in snow, firn and ice samples also exhibits five distinct groups: clusters 1, 2, 4 and 5 represent particles of predominantly crustal origin, the first group has a predominance of Si, Fe and Al (in that sequence) that are observed systematically along the ice core associated with Cr, Ni, Mg and Zn in minor proportions (average below 1%). Cluster 2 shows a predominance of metallic components such as Fe and Cr. Cluster 3 shows insoluble particles, probably of marine/crustal origin and with predominance of S, Cl and Si. Cluster 4 is basically SiO 2 and cluster 5 is related to particles enriched in Al, S and Si occurring only below 23 meqH 2 O, and with equivalent diameters in the range of 20-70 µm. Figure 3 shows extreme values of equivalent diameters of insoluble particles found in the Lange ice core compared with the maximum values observed from 1-yr aerosol monitoring in KGI and Chilean Patagonia. From this granulometric approach it can be inferred that all insoluble particles from Lange presenting diameters below the maximum value observed for KGI could be explained by local contribution such as marine spray, resuspension due aeolian processes on bare soils and rock outcrops, and by anthropogenic activities from scientific stations located in the island a total of nine). Insoluble particle species indicated in Fig. 4 by 1, 6, 7, 8, 10 and 11 have diameters not statistically different from the maximum size found during atmospheric monitoring at KGI, if we consider the uncertainties of the method. Particle species indicated by 3, 4 and 5 all belong to the ice layer "F", dated to the end the 1940s. A possible explanation for the presence of these coarse particles (species 4 presented at 170 µm) in the Lange Glacier can be related to active vulcanism on the South Shetlands or the effect of atmospheric transport followed
Equivalent diameters of deposited insoluble particles in the Lange ice core
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Cl, Na by strong winds in the region. The particle species cited above (3, 4 and 5) corresponded to the "F1" particle which is purely AlO, "F3", which is purely SiO 2 , and "F7", a typical particle of crustal origin having Si, O, Al, Fe, Cl, S, Ca, K, Ti and Zn in its composition. Insoluble particle species indicated by 2, 9 and 12 occurred in different ice layers and are also of crustal origin with a predominance of Si (quartz and an association of Si, Ca, O, Al and K). Despite the fact that these particles, of size larger than 50 µm, were not observed during atmospheric monitoring in KGI, they are evidences of past climate, of apportionment of mineral particles associated to wind regimes of high intensity.
Comparison of relative elemental abundance of atmospheric aerosols with insoluble particles found in snow, firn and in ice samples
The determination of the individual elemental composition of predominantly coarse mode insoluble airborne particles by the same method, SEM-EDS, from an ice core (Lange Glacier) and from air filters (KGI and Chilean Patagonia) make possible a direct comparison of the results. Figure 4 shows a histogram of elemental relative abundance for all particles measured in this work as described above. The Pearson correlation coefficient, r, between insoluble particles of the Lange Glacier and Chilean Patagonia was obtained from the linear regression of average values of relative abundance for each element, considering all particle types as defined in Section 3.3. In this case we found r = 0.95. This result represents a high similarity level for elemental composition between particles deposited in the Lange Glacier and the airborne particles found in the atmosphere of Chilean Patagonia, even considering the different time periods and taking into account only coarse-mode particles. This reinforces the idea that suspended particles over Chilean Patagonia (or a geological equivalent regional extent over meridional South America as was postulated by Iriondo 2000) would be the source of the majority of coarsemode particles deposited in West Antarctica. In contrast, there is no statistically significant correlation between insoluble airborne particles in the KGI atmosphere and particles deposited in the Lange Glacier, r = 0.25 ( p < 0.05). Artaxo et al. (1990) have demonstrated, by using electron probe microanalysis (EPMA), that soil dust from ice-free areas of KGI makes up only 3% of the total suspended coarse-mode particles (97% was of marine origin) and, therefore, we conclude that the contribution of additional particles from local ice-free areas during summer time, is not relevant to the total number of particles deposited in the Lange Glacier.
Si-enriched insoluble particles
Si-enriched insoluble particles are by far the most abundant ones found in shallow, intermediate and deep layers of the Lange Glacier. Si was the only element of non-marine origin found in significant concentration in all the ice strata examined. A comparison of the relative elemental abundance is shown in Table 4 .
In order to investigate a possible atmospheric transport mechanism involving apportionment of Si-enriched aerosols to the Antarctic Peninsula, we performed continuous air monitoring and simultaneous atmospheric 222 Rn activity concentration measurements (the 222 Rn being employed as an atmospheric tracer) at the Brazilian Antarctic Station. In situ acquisition of satellite images and synoptic charts were used to identify air mass trajectories and low atmospheric pressure displacement. Sanak (1989) , Lambert et al. (1990), and Pereira (1990) demonstrated that surges of the 222 Rn for the outer limits of Antarctica (called a "radon storm") were associated with air mass trajectories and past transit over continental land areas. Figure 5 shows results of the 222 Rn monitoring and Si abundance in air filters. During the observation period a pronounced increase in activity 222 Rn concentration occurred in June, followed by the largest annual increase of Si. Neither event can be explained by local production since they took place during winter when snow accumulation is large enough to hinder gas emanation and fine dust resuspension.
Tellus 56B (2004), 3 The "radon storm" from 2-6 June 1997, was attributed to an advective process during the same period resulting in the transport of air masses from South America to the Antarctic Peninsula. This fact is evident by inspecting the satellite image sequence depicted in Fig. 6 . From this point of view, one can assume that the increase in Si can result from the same atmospheric transport mechanism which was responsible for the increase in 222 Rn, supporting the hypothesis that the cyclonic systems travelling along the vicinity of the Antarctica boundary may have enough energy to pick up fine resuspended soil dust of equivalent diameters as high as 10-50 µm from Patagonia and spread them out to distances over 1000 km from their origin.
Conclusions
Insoluble airborne particles found in atmosphere of Chilean Patagonia show a high crustal signal throughout the whole monitoring year as indicated by the predominance of several types of aluminosilicates. Contributions from marine and anthropogenic particles are secondary. On the other hand, insoluble airborne particles found in KGI present a high marine influence, having large contributions from sea salt and sulfates. Crustal and anthropogenic particles are predominant during the austral summer; Si and C are exceptions and increase during specific atmospheric episodes in winter. Insoluble airborne particles found in snow deposited on KGI demonstrate a significant crustal influence, with a high assortment of morphology and associated mainly with silicates of aluminium, potassium, calcium, magnesium and iron among rare other species containing Ti, Ni and Cr. observed under an optical microscope). It is probable that the presence of these particles could not be linked to long-range atmospheric transport processes. Furthermore, similar large diameters were not found in the KGI atmosphere during a year of continuous monitoring. These particles also occurred in association with groups of particles of diameter larger than 30 µm and exhibiting high concentrations of Al, S and Si. A possible source of these particles is the vulcanism in the South Shetlands Archipelago, mainly in Deception Island. The higher Pearson correlation coefficient among the most abundant chemical elements in Chilean Patagonia, the KGI atmosphere, snow, firn and ice samples indicates a high similarity in composition between insoluble coarse-mode particles in the Patagonian atmosphere and in the snow in the Antarctic Islands. Individual particle analysis revealed a clear insight into the maintenance of an effective transport pathway of mineral aerosols from Patagonia to West Antarctica. The atmospheric mechanism most likely to be responsible for this transport is the cyclonic system which influences a region as large as part of Patagonia and the Antarctic Peninsula. Acquisition of satellite image sequences for these systems simultaneously with
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